Characteristics of motion errors of 3–Axis CNC vertical milling machines by Ahmad Bakir, Azman
vi 
 
 
     
 
 
 
TABLE OF CONTENTS 
 
 
 
 
CHAPTER                TITLE         PAGE 
 
DECLARATION        ii 
ACKNOWLEDGEMENTS      iii 
   ABSTRACT        iv 
   ABSTRAK         v 
   TABLE OF CONTENTS      vi 
LIST OF TABLES       ix 
   LIST OF FIGURES        x 
   LIST OF ABBREVIATIONS    xv 
   LIST OF SYMBOLS                xvi 
   LIST OF APPENDICES                xvii 
 
 
  
CHAPTER  I  INTRODUCTION         
 
1.0 Introduction        1 
 
 
1.2 Background and rationale      6 
 
 1.2.1 Research Objectives                 6 
 
 1.2.2 Research scope       6 
 
1.3 Research problem and hypotheses     8 
 
 1.3.1 Statement of research problem     8 
 
vii 
 
 
 1.3.2 Research questions      8 
 
 1.3.3 Research hypotheses      9 
 
 
 
CHAPTER   II  LITERATURE REVIEW      
     
 
2.1 Literature review       10 
 
 2.1.1 Research regarding CNC milling motion accuracy errors 10 
  
 2.1.2 Research regarding equipment for measuring motion  12 
 
  Accuracy errors       
 
2.2 Conclusion        14 
 
 
  
CHAPTER   III METHODOLOGY 
     
 
3.1 Methodology        15 
 
3.2 Measuring methods and procedures     16 
 
3.3 Data evaluation and analysis method     18 
 
3.4 Accuracy Tests Definition      20 
 
3.5 Definition of errors       23 
 
3.6 Equipment  and tool definition     31 
 
3.7 Double ball bar equipment      37 
  
 
CHAPTER   IV MEASUREMENT AND DIAGNOSTIC PROCEDURE 
 
4.1 Introduction                    47 
 
4.2 Methods for performing accuracy test    46 
 
 
 
 
  
 
viii 
 
 
   
            
CHAPTER   V RESULT AND  DISCUSSION  
      
 
5.1 Introduction        58 
 
5.2 Machine no. 24       60 
 
5.3 Machine no. 19       71 
 
5.4 Machine no.17       82 
 
5.5 Machine no.13       92 
 
5.6 Macgine no. 14       101 
 
5.7 Counter measure of error      109 
 
 
CHAPTER   VI CONCLUSIONS AND FUTURE WORK  
 
  6.1 Conclusions        114 
 
  6.2 Comparison with commissioning manufacturer data   119 
 
  6.3 Future work        120
  
 
REFERENCES           122 
 
 
APPENDICES           125 
ix 
 
 
 
 
 
LIST OF TABLES 
 
 
 
 
TABLE NO.    TITLE         PAGE 
 
5.0   Uncertainties for machine center (Al.Lakmiz et al)  60 
   (Y.Kakino et.al) 
 
5.1   Summary of  motion accuracy and diagnosis table of  61 
   Machine no. 24, CNC HASS 3 axis vertical milling, 
   Serial no. 36759 
 
5.2   Sumaary of double ball bar analysis of machine19.  73 
   CNC HASS 3 axis vertical milling, serial 37050 
 
5.3   Summary of table motion analysis and diagnosis of   85 
 
5.4   Analysis and diagnosis of machine 13,CNC HASS 3 94 
 
5.5   Machine no.14, CNC HASS, 3 axis vertical milling  103 
   Serial no.36736 
 
 
 
 
 
 
 
 
x 
 
 
 
 
 
LIST OF FIGURES 
 
 
 
 
FIGURE NO.    TITLE         PAGE  
 
1.0   Flow chart represents the scope of work                            6  
 
3.0  A typical vertical type milling center       23 
 
3.1  Structure of vertical type machining centre shown in    24 
  (Y.Kakino et al,1993) 
 
3.2  Structure of the horizontal type of machining center     29 
  (Y.Kakino et al,1993)       
 
3.3  Detecting part of DBB device (Y. Kakino et al,1993)    32 
 
3.4  Method using master ring gauge and displacement type probe   33 
  (Y.Kakino) 
 
3.5  Machining of a disk by endmill and profile error of machine   33 
  Surface(Measurement of roundness error)(Y.Kakino et al,1993) 
 
3.6  Coordiante and error vector in DBB measurement     35 
  (Y.Kakino et al 1993)       
 
3.7  Detecting part of DBB device (Y.Kakino et al,1993)    36 
 
3.8  Data processing system in DBB method (Y.Kakino,al et)    37 
 
3.9  Calibration gauge for DBB device(Y.Kakino et al)                38 
 
3.10  Roundness profile of spindle magnetic socket(Y.Kakino et al,1993)  39 
 
3.11  Measuring method for rotating accuracy socket by roundness    40
  Measuring machine(Y.Kakino,al et,1993) 
xi 
 
FIGURE NO.    TITLE         PAGE  
 
3.12  Measuring results of the rotating accuracy of socket by  42 
  a roundness measuring machine (Y.Kakino et al 1993)        
 
3.13  Rotating accuracy of socket and ball measured by differential  43 
  Type transducer (Y.Kakino et al,1993)           
 
3.14  Method of  definining compensation (Y.Kakino et al,1993)   43 
 
4.0  Setup to determine the zero position fixed socket   48 
 
4.1  The installation of double ball bar to both sockets   49 
 
4.2  Evaluation error in axial direction (Y.Kakino,et al ,1993)  51 
 
4.3  Evaluation of the mismatching of position loop    52 
  (Y.Kakino et al,1993) 
 
4.4  Cyclic motion error (Y.Kakino,et al,1993)    53 
 
4.5  Evaluation steep and projection (Y.Kakino et al, 1993)  54 
 
4.6  Evaluation of gentle slope (Y.Kakino et al,1993)   54 
 
4.7  Evaluation of lag intercepts in axial (Y.Kakino et al,1993)  55 
 
4.8  Evaluation of intercept path between CW and CCW traces  55 
  (Y.Kakino, et al,1993) 
 
5.0  The relation of significant error at various feedrate(Machine no.24) 63 
 
5.1  The squareness error at XY (Machine no. 24)   64 
 
5.2  The squareness error at YZ (Machine no.24)    65 
 
5.3  2nd order straightness ZX in feedrate (Machine no.24)  66 
 
5.4  2nd order straightness YZ vs feedrate (Machine no.24)  66 
 
5.5  X,Y roundness error at different reference points ,clockwise  67 
  Motion (Machine no.24) 
 
5.6  XY roundness at different reference points ,counter clockwise  68 
  Motion( Machine no. 24) 
 
xii 
 
FIGURE NO.    TITLE         PAGE  
 
 
5.7  Circular graphical of XY axis (Machine no. 24)   69 
 
5.8  Circular graphical of ZX axis (Machine no. 24)    69 
 
5.9  Circular graphical of YZ axis (Machine no. 24)    70 
 
5.10  Radar chart of machine error analysis(Machine no.24)  71 
 
5.11  Relation of XY scale error to both direction    75 
 
5.12  Squareness error of XY axis vs feedrate (Machine no.19)  76 
 
5.13  2nd order straightness vs feedrate (Machine no. 19)   76 
 
5.14  Mismatching loop gain vs feedrate (Machine no. 19)  77 
 
5.15  Relation of scale error vs feedrate both direction (Machine no.19)  77 
 
5.16  Roundness error versus feedrate at different reference points with  78 
  Counterclockwise direction (Machine no.19) 
 
5.17  Roundness error versus feedrate at different point with clockwise  78 
   (Machine no.19)      
 
5.18  XY axis at feed 600m/min (Machine no. 19)     79 
 
5.19  ZX deviation graph at 600m/min feedrate (Machine no.19)    81 
 
 
5.20  YZ axis deviation 600m/min (Machine no.19)     81 
 
5.21  The radar chart of significant error (Machine no. 19)    82 
 
5.22  Scale error XY against feedrate       86 
 
5.23  Squareness YZ against feedrate       87 
 
5.25  ZX  2nd order straightness against feedrate       87 
 
5.26  YZ  2nd order straightness against feedrate      88 
 
 
 
xiii 
 
5.27  XY roundness against feedrate at diff. Reference pts at clockwise   89 
 
5.28  Squareness YZ against feedrate       90 
 
5.29  The motion trace pattern XY        91 
 
5.30  The motion trace patern ZX        91 
 
5.31  Trace patern for YZ axis        92 
 
5.32  Distribution of most significant error (Machine no. 17)    92 
 
5.33  Squareness YZ axis against feedrate        96 
 
5.34  2nd  order straightness ZX        96 
 
5.35  2nd order straightness YZ against feedrate      97 
 
5.36  XY roundness against feedrate reference points of clockwise    98 
  Motion 
 
5.37  XY roundness against feedrate at difference point of counter   98 
                        Clockwise 
  
5.38  The motion trace XY axis of feedrate of 600 m/min     99 
 
5.39  The motion trace of ZX axis at feedrate of 600m/min    100 
 
5.40  The motion trace of YZ at feedrate of 600m/min     100 
 
5.41  Significant error of machine 13         101 
 
5.42  Scale error XY versus feedrate       105 
 
5.43  Squareness YZ against feedrate       105 
 
5.44  Straightness 2nd order against feedrate      106 
 
5.45  Motion trace of XY circular deviation      107 
 
6.0  Roundness error against machine       115 
 
6.1  Bi-repeatability against machine       116 
 
6.2  Scale error of XY against machine       117 
 
xiv 
 
6.3  Squareness error versus machine       118 
 
6.4  Second order straightness error versus machine     118 
 
6.5  Mismatching gain loop error versus machine      119 
 
6.6  Machine performance according diagnostic errors     120 
 
6.7  Circularity error of commissioning versus existing stage    121 
   
 
 
 
xv 
 
 
 
 
 
ABBREVIATIONS 
 
 
 
 
ABBREVIATIONS   DESCRIPTION 
 
NC     Numerical Control 
 
CNC     Computer Numerical Control 
 
DBB     Double ball bar 
 
ASME     American Society of Mechanical Engineers 
 
ANSI     American Standard Institute 
 
DC     Direct Current 
 
LVDT     Linear variable differential transformer 
 
JIS     Japanese Institute Standard 
 
MZCRW    Minimum Zone Centre Radial Width 
 
PCRW     Polar center radius centre 
 
CW     Clockwise direction 
 
CW     Counter Clockwise direction 
 
PID     Proportional Integral Devices 
 
 
 
 
 
 
 
 
xvi 
 
 
 
 
 
LIST OF SYMBOLS 
 
 
 
 
X,Y,Z   =  Direction of nominal axis 
 
Cx   =  Error vector in X-axis 
 
Cy   =  Error vector in Y-axis 
 
Cz   =  Error vector in Z-axis 
 
x,y,z    =  Direction of linear motion 
 
a,b,c   =  Rotation around X,Y,Z 
 
Pw   =  Workpiece clampn on table 
 
Ps   =  On spindle base 
 
Ay,by,cy  =  Angular motion 
 
exX   =  Positioning error of X-Axis feed 
 
eyX   =  Straightness in Y axis 
 
ezX   =  Straightness in Z-axis 
 
Xs, Ys   = Centre offset 
 
Rs   =  Centre offset 
 
m   =  Mirometer 
 
   =  Angular velocity 
 
 
 
 
xvii 
 
 
 
 
 
LIST OF APPENDICES 
  
 
 
 
NO.    TITLE                       PAGE  
 
A    MOTION ERROR TRACE                                 126 
 
B   MANUFACTURING COMMISIONING DATA                       142 
 
C   GENERAL PROCEDURE OF SETTING DOUBLE BALLBAR                 147 
 
 
 
